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ABSTRACT 
Due to the lighter weight of honeycomb structures compared with a cuboid of similar 
material, honeycomb is widely used in applications requiring a high stiffness to weight 
ratio. One important honeycomb meta-structure is sandwich composites designed with a 
honeycomb core between two thin panel layers. The geometry of the honeycomb is 
formed from periodically spaced, non-overlapping unit cells.  An important advantage of 
cellular materials such as honeycomb is that vibration and acoustic properties can be 
changed simply by changing the unit cell geometry variables such as included angle, cell 
wall thickness and length, while keeping the overall dimensions of the structure 
unchanged.  
Previous investigators have studied the vibration and sound transmission loss (STL) 
properties of honeycomb sandwich structures subjected to in-plane loading.  In these 
studies, two-dimensional (2D) finite element models were sufficient to obtain solutions.  
In the present work, the sound transmission performance of honeycomb for out-of-plane 
loading is investigated, requiring a complete three-dimensional (3D) structural-acoustics 
model.  In order to obtain efficient finite element solutions for a 3D model, a prolate 
spheroidal impedance boundary is used to truncate the unbounded acoustic region.  The 
impedance boundary is designed to approximate the far-field acoustic radiation condition 
and absorb outgoing waves without reflection. The accuracy of this impedance boundary 
depends on the distance from the sound source, in this case the vibrating honeycomb 
structure, and frequency.  In the present work, a 2D structural-acoustic finite element 
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model with an elliptical non-reflecting impedance boundary is used to provide guidelines 
for generalization to the 3D model with a prolate spheroidal boundary.  The 2D model 
provides fast STL solutions, for multiple model design evaluations, for selection of the 
smallest dimension which provides a reduced computational domain, while still 
maintaining similar accuracy to a circular (spherical) boundary with a much larger 
distance.  
Using the 3D finite element modeling procedure developed, natural frequencies and 
mode shapes are calculated to determine frequency ranges of interest for a steady-state 
analysis of a honeycomb sandwich panel coupled with the acoustic region subject to a 
time-harmonic pressure load.  The effects of honeycomb unit cell geometry; both positive 
cell wall (regular) and negative angles (auxetic), on the sound transmission performance 
are compared.  Relationships are observed between the number and frequency locations 
of peak amplitudes in STL response to the number of positive and negative normal 
amplitude regions in the mode shapes of the honeycomb structure.   It is found that peaks 
in STL occur only when the number of positive amplitude mode shape regions is 
different from the number of negative regions. When the numbers of positive and 
negative amplitude regions are different, the amount of sound transmitted through the 
honeycomb structure is large. In contrast, when the numbers of positive and negative 
regions are the same, there is cancellation, and the amount of sound transmission is small 
(high STL).  
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The first STL peak amplitude always occurs at the first natural frequency with a 
corresponding mode shape with a single positive or negative region. The second and third 
peak amplitudes occur at the closely spaced natural frequencies associated with the first 
pair of mode shapes which have different numbers of positive and negative amplitudes in 
reversed order.   In some cases, even when the numbers of positive and negative regions 
are unequal, the incomplete shape of one amplitude region partially split into two, results 
in weaker peak amplitude.    
Comparing results for auxetic honeycomb cells with negative angles, the frequencies at 
peak amplitudes are observed to increase as the included angles of the unit cells are 
increased. For regular honeycombs with positive unit cell angles, the differences in the 
STL curves are small, and the width between the 2
nd
 and 3
rd
 peaks increases as the 
included angle of the cell is increased.  Also, the average frequencies between the second 
and third peaks are similar for each of the regular honeycomb unit cell geometries, a 
property not observed for the auxetic honeycombs.   
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CHAPTER 1:  INTRODUCTION 
1.1 Honeycomb Structures 
Honeycomb structures have wide application due to their high strength-to-weight ratio, 
stiffness-to-weight, sound transmission, and other characteristics [1, 2, 3, 5, 6, 7]. The 
geometry of honeycomb structures are formed from periodically spaced, non-overlapping 
unit cells [1].  The effective stiffness and mass properties of honeycomb are controlled by 
cell wall thickness and included angle of the unit cells [6]. Regular honeycombs use 
hexagonal (6-sided) unit cell geometries, see Figure 1.1.  By changing the included angle, 
modified hexagonal honeycombs can be designed.  For negative included angles, the 
effective Poisson’s ratio is negative; a property not found in natural materials [2, 3, 5, 6].  
A negative Poisson’s ratio produces a lateral expansion which stretched in the 
longitudinal direction. Honeycomb structures with negative Poisson ratio are also called 
Auxetic honeycombs [6] .  The word auxetic derives from the Greek meanings for 
‘increase in size’ [1].  Regular hexagonal honeycombs exhibit a positive Poisson’s ratio 
equal to 1, which means that when stretched in the longitudinal direction by a unit value, 
the structure will contract by a unit value in the lateral (transverse) direction.   
Due to the lighter weight of honeycomb compared with a cuboid of similar material, 
honeycomb is used extensively in the aerospace industry [1]. Moreover, because of the 
difference stiffness properties between the out-of-plane and in-plane loading, honeycomb 
can be tailored for specific design functionalities [2].  
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  Figure 1.1: Honeycomb core 
One important honeycomb meta-structure is sandwich composites designed with a 
honeycomb core bonded between two panel layers. By changing the geometry of the 
repetitive unit cell, and overall beam depth and length and material properties of the 
honeycomb core, sandwich beams with different vibration and acoustic properties can be 
designed with shifted resonant frequencies and improved intensity and sound 
transmission loss characteristics [2, 5].  An advantage of cellular materials such as 
honeycomb is that vibration and acoustic properties can be changed simply by changing 
the cell geometry variables such as included angle and cell wall thickness and length, 
while keeping the overall dimensions of the composite beam the same.  
1.2 Sound transmission performance 
Sound transmission loss (STL) is one of the most common ways to measure sound 
transmission performance for structures as the ratio of incident sound pressure input on 
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one side of the structure to the output sound pressure transmitted on the other side of the 
structure [7, 8, 9, 10, 11, 12, 13].    
 
Figure 1.2: Sound transmission regions of a honeycomb sandwich dependent on 
frequency [7]. 
In the stiffness region, from 0 to the first resonant frequency, the panel’s stiffness is the 
main factor determining STL. In the region controlled by resonance, STL varies with the 
properties involved in the thickness of each layer in the sandwich composite, the 
geometry of the honeycomb unit cells, and material used.  In the graph above, the dashed 
lines signify the extension of mass law.  For higher frequencies STL is primarily 
controlled by the mass, and does not depend on the stiffness properties of the structure [7].  
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1.3 Motivation and Objectives 
Previous studies used two-dimensional finite element models of honeycomb sandwich 
structures to predict vibration and sound transmission for in-plane loading [2, 5].  For in-
plane loading the response is controlled by the effective elastic modulus in x- and y- 
directions of the plane, and the shear modulus in the xy-plane.    
More commonly, honeycomb sandwich structures are used with out-of-plane loading.   In 
out-of-plane loading, forces are transmitted in the extruded z-direction of the honeycomb, 
and stiffness is also controlled in large part by the elastic modulus and shear modulus in 
the out-of-plane directions.  There has been some analytical, numerical, and experimental 
work on modeling damping and vibration properties of honeycomb structures in the 
literature [3].  However, there are only a few experimental studies on sound transmission 
loss for out-of-plane pressure loading through honeycomb structures with unit cells which 
are not regular 6-sided hexagons.  There is a need for research on theoretical and 
numerical studies on the effects of honeycomb unit cell geometry, both positive cell wall 
and negative cell wall included angles on the sound transmission performance of 
honeycomb sandwich structures for out-of-plane pressure loading.  
The main objectives for the thesis are the following.  
1. Develop a complete three-dimensional (3D) finite element model for the 
coupled structural-acoustic problem. 
2. Study the accuracy and efficiency of placement and type of nonreflecting 
boundary to simulate sound radiation in air from a vibrating honeycomb 
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sandwich plate mounted in a rigid baffle.  Perform a parameter study of the 
dimensions of an elliptical nonreflecting boundary with approximate 
impedance conditions for a two-dimensional model to determine an optimal 
distance which balances efficiency of reduced computational domain while 
maintaining accuracy. Use the results of this study to locate the dimension for 
a prolate spheroidal nonreflecting boundary for the 3D model to decrease the 
volume of the acoustic region for efficient solution.    
3. Perform a natural frequency and mode shape extraction and study the 
performance of sound transmission loss from a direct steady-state frequency 
analysis comparing different regular and auxetic honeycomb cores for a 
sandwich honeycomb structure with out-of-plane pressure loading.  
4. Establish and explain frequency locations and magnitudes of peak amplitudes 
in the STL response by relating results to mode shapes with the interaction of 
positive and negative out-of-plane normal amplitudes in the two perpendicular 
in-plane directions of the rectangular honeycomb structure modeled.   
5. Compare STL frequency response of 3D model with regular hexagonal 
honeycomb with out-of-plane loading with results for the 2D model with in-
plane loading.  
1.4 Outline 
Chapter 1 gives the introduction of honeycomb sandwich, sound transmission 
performance and the motivation and objective to do this research. 
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In Chapter 2, a detailed procedure to build up a 2D model for in-plane honeycomb 
sandwich coupled with the acoustic region is provided.  This model is used to verify the 
modeling procedures for generalization later to 3D, and to study the required dimensions 
of the non-reflecting impedance boundary.  The 2D model is used for this study allowing 
for multiple and rapid changes to be made, since the model size is significantly reduced 
compared to the 3D model.  
Chapter 3 shows contour plot of acoustic pressure field at frequencies coinciding with the 
computed natural frequencies and modes for the 2D model. STL plots from this model 
are verified with the results from previous work. 
Chapter 4 compares accuracy of the STL results for an elliptical acoustic boundary with 
several lengths for the short axis of the ellipse in order to determine the size and shape of 
the boundary which minimizes the amount of required computation while not 
significantly affecting accuracy.  
Chapter 5 gives the procedures of creating a 3D model of a layered honeycomb sandwich 
structure with out-of-plane pressure loading and required coupling with acoustic elements 
to compute sound pressure transmission across the structure.  
In Chapter 6, the analysis of the natural frequencies and mode shapes of the 3D 
honeycomb sandwich structure is performed.   The selection of element size for the 
acoustic domain to provide accurate pressure field data is also discussed. STL plots are 
computed for the 3D model and discussed.  Comparisons are made for honeycomb unit 
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cells with different internal cell wall angles of -45, -30, -15, 0, 15, 30, 45 degrees, similar 
to [2, 5].  
Chapter 7 reveals the correlation between the occurrence of the amplitude peaks in the 
STL frequency response with the values of the corresponding natural frequencies and 
positive and negative normal amplitude distributions of the mode shapes of the sandwich 
plate. 
Chapter 8 summarizes conclusions and makes suggestions for future work.   
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CHAPTER 2:  2D FINITE ELEMENT MODEL  
In the following, the 2D model of a honeycomb sandwich beam coupled to an acoustic 
region with semicircular non-reflecting impedance boundary is described.  This 2D 
model will be used to verify the modeling procedures for coupling honeycomb structures 
to an acoustic region, for generalization to 3D analysis, and also to establish, through a 
parameter study, the required distance of the non-reflecting impedance boundary of the 
acoustic domain from the vibrating honeycomb source. The use of a 2D model allows for 
rapid model changes with fast solutions for different models to be evaluated.  Results 
from the 2D model with elliptical non-reflecting boundary are then used in Chapter 5 as 
guidelines for selecting the size of a prolate spheroidal non-reflecting boundary for 3D 
analysis.    
2.1 Geometric Dimensions 
The model is constructed by coupling the elastic honeycomb sandwich beam to a 
semicircular acoustic region. Figure 2.1 illustrates a semicircular domain with radius R.  
In order to verify the procedures, the dimensions for the honeycomb sandwich beam and 
acoustic region used are made the same as in [2, 5]. For this study the radius, R= 2 m.  
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Figure 2.1: semicircular air domain 
The second part is the honeycomb sandwich panel shown in Figure 2.2. The overall 
length of the panel is L = 2 m, such that the smallest distance between the ends of the 
panel to the radius of the semi-circle is 1m.  
 
Figure 2.2: Honeycomb 
As shown in the Figure, the honeycomb sandwich is made one row of cells with two 
equal length face sheets attached to the top and bottom of the cells respectively. There are 
forty cells in total in the longitudinal x-direction in the honeycomb sandwich.  For the 
regular hexagonal honeycomb cell, the cell wall angle is  = 30  such that each of the 6 
interior angles are 120 and the side lengths are all the same.  The dimensions of the cell 
walls are set at h=28.87mm; and l=28.87mm.  The thickness of each wall of the cell is 
t=2.5mm.  The overall dimensions of the unit cell are:  
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2 cosxL l  ;          (2.1) 
2( sin )yL h l   ,         (2.2) 
and are shown in Figure 2.3.  
 
Figure 2.3: Regular Cell 
2.2  Procedure for creating the semicircle 2D structural-acoustic model 
Create 2 parts with the size and geometry described above.  Two material properties are 
specified, one for the semicircular acoustic region, and one for the honeycomb structure. 
In this study, the material properties are the same as in [2, 5].  For the honeycomb 
structure, the material is modeled as Aluminum with a mass density,  = 32700 kg/m , 
and Young’s modulus, E = 71.9 GPa . The Poisson ratio, 0.3  . The air is modeled with 
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a density of 
31.2kg/m  with the acoustic medium property, c = 343m/s, the velocity of 
sound in air, and K=141,179 Pa, the bulk modulus.  
For the 2D model, the walls of the honeycomb cell are modeled as beam elements with a 
rectangular profile with thickness 2.5 mm and unit depth into the z-direction.   The 
instance of the acoustic part is moved into position using a position constraint adjacent to 
the top surface of the honeycomb sandwich structure part instance in the assembly and 
then connected with a constraint.   Care must be taken to ensure the y coordinate of the 
bottom of the semicircle coincides with that of the top face sheet of the honeycomb 
sandwich. This positioning can be obtained by constrained by ensuring the center point of 
the bottom of the semicircle binds with the midpoint of the top face sheet. 
 
Figure 2.4: Assembly of the 2D model with a semicircular air domain 
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The sandwich structure is assumed to be mounted in a rigid baffle which extends to 
infinity.  As a result, the air is assumed to be extended above the horizontal line to 
infinity.  In order to model the acoustic sound radiating from the vibrating structure using 
the finite element method, the acoustic region must be truncated at a finite distance from 
the source.  To accomplish this, a semicircular region is selected.  On the circular 
boundary, a non-reflecting impedance condition is used in the Interaction module.  This 
boundary condition approximates the exact sound radiation condition to infinity which 
ensures that the sound will not reflect back artificially.  
To support the honeycomb sandwich pin connections are used by giving displacement 
boundary conditions with zero translational components U1 = 0, and U2 =0, and free 
rotational degrees-of-freedom at nodes on both the left and right sides of the honeycomb 
sandwich model.  
 
Figure 2.5: Honeycomb model with displacement support boundary conditions 
applied at both ends. 
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For direct frequency response analysis, a time-harmonic load with magnitude, 1 Pa, is 
uniformly distributed to the bottom surface of the face sheet of the honeycomb sandwich. 
The direction of the load is normal to the face sheet. The effect of the sandwich after the 
creation of the load is shown below: 
 
Figure 2.6: Honeycomb sandwich with boundary conditions and load applied 
Similar to [5] the B22 beam element type is used for the both of the honeycomb core and 
face sheets.  B22 element is a Timoshenko 3-node, quadratic and planar beam bending 
element. To provide an accurate model the seed size of the honeycomb sandwich is 
chosen to subdivide cell edges into at least four elements for every smallest edge. Figure 
2.8 shows a detail of a few cells in the honeycomb sandwich with nodes of the beam 
element mesh. 
 
Figure 2.7: Meshed honeycomb panel 
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Figure 2.8: A sample of meshed cells and face sheets for the honeycomb panel model.  
For the acoustic region, element type, AC2D3, is chosen. AC2D3 is a 2-D acoustic 
triangle element with 3 nodes and linear interpolation of acoustic pressure.  In ABAQUS 
acoustic pressure is referred to as POR.  In order to create an element mesh distribution 
which has more elements near the surface of the top surface of the honeycomb structure, 
a seed size 0.012 is applied to the line which is tied to the honeycomb sandwich. A larger 
value of 0.08 is used for the seed size of the outer circle of the air domain. The resulting 
meshed air domain has the size of the elements gradually growing in size from the center 
of the semicircle to the edges of the air domain; see Figure 2.9. 
15 
 
 
Figure 2.9: Meshed air domain 
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CHAPTER 3:  ANALYSIS OF THE 2D MODEL  
3.1 Natural Frequency 
The natural frequencies are determined from a linear perturbation step in ABAQUS.  The 
minimum linear frequency of interest is set to start from 1 to a maximum as 1000 Hz.  
For the natural frequency analysis, the air properties are assumed to have negligible 
influence on the vibrating behavior of the relatively stiff elastic honeycomb sandwich 
structure.  As a result, only the honeycomb sandwich with no load is included in the 
natural frequency extraction (the acoustic region and coupling are suppressed).   
In Figure 3.1, the first 13 computed natural frequencies corresponding mode shapes of the 
honeycomb sandwich are shown. In most cases, as the value of the natural frequency 
increases, the number of the peaks of the corresponding mode shape also increases. For 
bending mode n, there are n peaks.  However, there is one exception, which is mode 11, 
which does not appear as a bending mode, but instead is a ‘dilatational’  mode.   
 
Mode 1 (63.184 Hz), n=1 
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Mode 2 (130.56 Hz), n=2 
 
Mode 3 (207.17 Hz), n=3 
 
Mode 4 (284.75 Hz), n=4 
 
Mode 5 (363.08 Hz), n=5 
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Mode 6 (441.75 Hz), n=6 
 
Mode 7 (521.04 Hz), n=7 
 
Mode 8 (600.95 Hz), n=8 
 
Mode 9 (681.6 Hz), n=9 
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Mode 10 (762.95 Hz), n=10 
 
Mode 11 (765.01 Hz) 
 
Mode 12 (845.03 Hz), n=11 
 
Mode 13 (927.81 Hz), n=12 
Figure 3.1: Natural frequencies and modes regular hexagonal honeycomb sandwich  
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3.2 Structural-Acoustic Steady State Analysis 
The structural-acoustic analysis of the honeycomb sandwich structure coupled with the 
acoustic region is performed using a direct steady-state analysis step.  The total frequency 
range is specified from 1 to 1000 Hz.  The frequency evaluations are divided into smaller 
intervals between the natural frequencies values calculated earlier. The number of points 
between natural frequencies is 7 with a bias of 2.  The bias tends to gradually place more 
frequency evaluations near the end of each interval defined by the natural frequencies.  A 
field output request for POR throughout the whole air domain is also given. Since the 
applied pressure load on the bottom surface of the honeycomb sandwich is time-harmonic, 
the POR will be complex valued.  
Figure 3.2 shows the contour plots of the magnitude of the POR sound pressure field data 
in the acoustic domain at frequencies corresponding to the natural frequencies of the 
honeycomb sandwich structure. For frequencies corresponding to the odd bending mode 
numbers, the same number of distinct lobes in the contours of the acoustic pressure 
appears.  For the even bending mode numbers, there are n/2 primary pressure lobes and 
(n/2-1) secondary lobes, for a total of n-1 lobes.    
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Mode 1 (63.184 Hz), n=1 
 
Mode 2 (130.56 Hz) 
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Mode 3 (207.17 Hz), n=3 
 
Mode 4 (284.75 Hz) 
23 
 
 
Mode 5 (363.08 Hz), n=5 
 
Mode 6 (441.75 Hz) 
24 
 
 
Mode 7 (521.04 Hz), n=7 
 
Mode 8 (600.95 Hz) 
25 
 
 
Mode 9 (681.6 Hz), n=9 
 
Mode 10 (762.95 Hz) 
26 
 
 
Mode 11 (765.01 Hz) 
 
Mode 12 (845.03 Hz), n=11 
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Mode 13 (927.81 Hz) 
Figure 3.2: Contour plots of POR 
3.3 Sound Transmission Loss 
Sound transmission loss (STL) measures ratio of the magnitude of the input pressure on 
the bottom surface of the honeycomb sandwich panel to the transmitted acoustic pressure 
on the top surface.  The equation for STL is given by [10, 11]:   
2
10 2
10log i
t
p
STL
p
         (3.1) 
The input and output pressures are taken as the root sum square of the nodal pressure 
magnitudes on the top and bottom surfaces respectively. Mathematically, the operation 
can be written as the inner product of vector arrays of nodal pressure data,  
28 
 
2
i i ip p p  
2
t t tp p p  
where 1 2, ,..., np p p p   is a vector array of pressure of the air nodes which has direct 
contact with the face sheet of the honeycomb sandwich.  Since the load at the bottom of 
the honeycomb sandwich is a unit pressure, the incident pressure, ip , on every node also 
equals one. The transmitted acoustic pressure, tp , here corresponds with the magnitude 
of the POR obtained during the analysis. 
Figure 3.3 shows a plot of the STL vs. frequency from 1 to 1000 Hz.  The results agree 
with the STL curve reported in [5], thus verifying the modeling procedures with a circular 
non-reflecting boundary used in the present analysis.  
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Figure 3.3: STL plot of 2D model with a semicircular air domain 
Peak values occur at natural frequencies corresponding to the odd numbered bending 
mode shapes shown in Figure 3.1 with different numbers of positive amplitude regions 
(bulges), and negative amplitude regions (pits).  
At peak values, the STL is much closer to zero compared to other points in the curve.  
These peak values correspond to a large sound transmission such that the transmitted 
pressure on the top surface is nearly the same as the input pressure applied on the bottom 
surface of the honeycomb structure. Sound is transmitted from the vibrating elastic 
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honeycomb as sound radiation into the acoustic domain due to surface velocities on the 
top face.   
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CHAPTER 4:  2D MODEL WITH ELLIPTICAL NON-REFLECTIONG 
BOUNDARY 
4.1 Elliptical Boundary 
In the following, the shape of the air domain will be modified to become an ellipse 
instead of a semicircle. The equation of an ellipse whose major and minor axes coincide 
with the Cartesian axes is 
 
2 2
1
x y
a b
   
    
   
 
where a and b are the major and minor axis, shown in Figure 4.1.  For a circular, a = b.  
In order to reduce the size of the acoustic mesh, the elliptical boundary is used since this 
shape can provide a tighter fitting enclosure around honeycomb structure.  Since the 
honeycomb structure is elongated in the x-direction, the major axis is held fixed, and set 
equal to the same radius of the previous semicircular model, that is, a = r = 2 meters. 
With the fixed length of the long axis a, the length of the minor axis is reduced b < a, to 
form an ellipse.  Comparisons of the sound transmission solutions for ellipses with 
incrementally reduced short axis lengths are made. The values of b studied are 1.5, 1.0, 
0.5, 0.25, 0.12 and 0.06 meter. The goal of the analysis is to determine the smallest value 
of b, such that the variation in solutions compared with that from the semicircle air 
domain model is negligible.  
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Figure 4.1: Geometry of elliptical air domain 
In ABAQUS, an impedance condition is applied to the elliptical boundary. The 
impedance is selected as ‘non-reflecting’.  This impedance condition is frequency 
dependent and approximates the far-field radiation condition that acoustic waves should 
be absorbed through this boundary with no reflection.  The accuracy of this impedance 
condition depends on the distance from the source of sound, for our problem, the 
vibrating honeycomb sandwich panel, and wavelength (related to frequency).   If the 
impedance boundary is moved too close to the vibrating sound source, the errors in the 
numerical solution will increase due to artificial numerical reflections. For efficient 
solutions, the size of the ellipse should be reduced as much as possible without losing the 
function of simulating an infinite air domain. That is, the acoustic impedance on the top 
surface of the elliptical air domain maintains the accuracy of the semicircular air domain. 
To define the impedance ‘non-reflecting’ condition in ABAQUS [4], the values of the 
major axis length a, eccentricity, center coordinates and direction cosine are needed for 
this step. The eccentricity   can be defined as,  
33 
 
 
2
1
c b
a a

 
   
 
 
where 
2 2 2c a b  .  By defining the eccentricity and major axis, the focal length c, and 
minor axis length can be determined.  The direction cosine should be a vector points 
vertically into the air domain from the bottom. 
4.2 Results for Sound Transmission Loss 
The square root of the sum of the squares (SRSS) of the magnitude of the acoustic 
pressure corresponding to frequencies between 1 to 1000 Hz is listed in Table 4.1. 
Frequency 
(Hz) 
The SRSS of the magnitude of POR corresponding to every natural frequency of the 
related ellipse with different b 
b=2 b=1.5 b=1 b=0.5 b=0.25 b=0.12 b=0.06 
1 0.00018901 0.000235 0.00034 0.00068 0.001377 0.002887 0.005789 
1.46288 0.00040417 0.000503 0.000727 0.001455 0.002945 0.006176 0.012389 
2.40167 0.00108659 0.001353 0.001954 0.003914 0.007928 0.016637 0.033401 
7.94884 0.0114759 0.014227 0.020587 0.041595 0.084794 0.179175 0.363729 
26.3084 0.107848 0.116042 0.150216 0.286216 0.571589 1.18428 2.3223 
43.1915 0.352738 0.3062 0.320166 0.542753 1.04313 2.06901 3.77629 
63.184 12.0204 12.0191 12.6004 13.5302 13.6613 13.6847 13.6952 
67.5348 2.20958 1.82263 1.62672 2.49839 4.81633 8.97404 12.5724 
73.6576 1.06699 0.897199 0.768571 1.13686 2.18421 4.41304 7.87127 
90.8257 0.497165 0.482151 0.38772 0.599031 1.2395 2.64577 5.18933 
111.995 0.326673 0.380071 0.25383 0.337387 0.755653 1.71864 3.8192 
122.149 0.28518 0.343728 0.221304 0.241756 0.549138 1.24515 2.74403 
130.56 0.260224 0.308912 0.210327 0.190415 0.433235 0.97767 2.12235 
136.21 0.247104 0.283655 0.209677 0.168489 0.378834 0.850974 1.82948 
143.941 0.233244 0.250432 0.215711 0.153078 0.33042 0.734662 1.56139 
164.463 0.221547 0.211654 0.260308 0.186165 0.351651 0.757991 1.6106 
187.911 0.337973 0.368522 0.380267 0.331843 0.611674 1.3075 2.65635 
198.577 0.754567 0.797669 0.768942 0.602112 0.977697 1.93696 3.48446 
207.17 4.58332 4.71026 4.69192 4.89602 5.75297 5.99023 6.06376 
213.305 0.804984 0.764332 0.819374 0.609291 0.872691 1.67631 2.95906 
221.574 0.396499 0.35923 0.401619 0.290491 0.381446 0.719002 1.34971 
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242.882 0.196258 0.202306 0.187475 0.171566 0.227314 0.441819 0.842959 
266.239 0.144511 0.160206 0.13214 0.147574 0.207448 0.445952 0.900597 
276.56 0.13604 0.145473 0.124467 0.134286 0.167718 0.375356 0.791496 
284.75 0.132752 0.135015 0.121813 0.129202 0.134064 0.303481 0.646243 
291.17 0.131666 0.128071 0.121474 0.130595 0.115246 0.259443 0.550286 
299.755 0.131719 0.121622 0.123181 0.138991 0.10332 0.224928 0.470807 
321.539 0.142198 0.13202 0.142204 0.188661 0.1405 0.273321 0.557203 
344.905 0.248355 0.267755 0.27074 0.324213 0.373071 0.771301 1.68297 
355.074 0.594947 0.651165 0.657863 0.607832 0.787021 1.55732 2.87992 
363.08 2.63777 2.70529 2.66038 2.69312 3.1155 3.36238 3.39561 
369.673 0.499482 0.514759 0.542403 0.520054 0.530754 0.968911 1.68303 
378.444 0.249715 0.245118 0.268948 0.295211 0.222038 0.381668 0.711593 
400.488 0.127032 0.11929 0.126642 0.177109 0.118069 0.198268 0.367556 
423.816 0.0959206 0.098929 0.096156 0.129674 0.113026 0.209572 0.399788 
433.872 0.0913126 0.096809 0.09099 0.111035 0.106867 0.21021 0.417893 
441.75 0.0902252 0.096076 0.088975 0.097736 0.094053 0.189249 0.391538 
448.492 0.0907095 0.095767 0.087989 0.088731 0.082126 0.162004 0.340949 
457.433 0.0929273 0.095727 0.086831 0.082075 0.073104 0.133294 0.277507 
479.76 0.107328 0.103722 0.095869 0.094261 0.095444 0.154112 0.298575 
503.176 0.19871 0.203268 0.202595 0.201773 0.253727 0.471746 1.00517 
513.207 0.491824 0.52045 0.521493 0.497531 0.645196 1.28378 2.78947 
521.04 1.86593 1.90053 1.89099 1.90065 2.06426 2.2787 2.31726 
527.906 0.366949 0.379184 0.390493 0.347425 0.402421 0.685 1.15185 
536.99 0.184873 0.185588 0.196418 0.165001 0.176054 0.273383 0.513029 
559.57 0.0960607 0.093083 0.095936 0.081723 0.098934 0.126664 0.220256 
583.1 0.0737001 0.077809 0.076059 0.067186 0.098136 0.129611 0.228171 
593.134 0.0701624 0.07503 0.072619 0.065956 0.100296 0.136068 0.24698 
600.95 0.0693779 0.07332 0.070934 0.065535 0.099687 0.132037 0.253926 
607.934 0.0699168 0.072232 0.06998 0.065845 0.098228 0.117694 0.240629 
617.157 0.0720658 0.071746 0.069215 0.068277 0.099611 0.095936 0.200874 
640.006 0.0863886 0.081827 0.079049 0.089953 0.129064 0.108175 0.19997 
663.7 0.167116 0.168387 0.169338 0.183504 0.244207 0.330499 0.655534 
673.77 0.421154 0.43615 0.442415 0.439608 0.543373 0.987184 2.33865 
681.6 1.45053 1.46869 1.47028 1.49583 1.55081 1.72899 1.78102 
688.688 0.292404 0.301351 0.307733 0.31052 0.383267 0.501973 0.808985 
698.035 0.147603 0.150887 0.155925 0.175214 0.26371 0.207244 0.375591 
721.129 0.077979 0.075553 0.078494 0.107235 0.19155 0.0962 0.161324 
744.986 0.0610347 0.059886 0.061947 0.09093 0.168757 0.095759 0.164301 
755.098 0.0583247 0.058132 0.059338 0.083493 0.157456 0.098876 0.176854 
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762.95 0.0577009 0.057874 0.058165 0.077332 0.143299 0.09471 0.181517 
763.139 0.0576984 0.057879 0.058146 0.077193 0.142927 0.094492 0.181466 
763.385 0.0576959 0.057885 0.058121 0.077013 0.142441 0.094202 0.181384 
763.979 0.057693 0.057903 0.058065 0.076582 0.141264 0.093467 0.181109 
764.574 0.0576946 0.057926 0.058012 0.076158 0.140083 0.092685 0.180722 
764.821 0.0576966 0.057937 0.057991 0.075984 0.139593 0.092348 0.180528 
765.01 0.0576968 0.057943 0.057976 0.075841 0.139217 0.092084 0.180364 
772.025 0.0580822 0.058599 0.057727 0.071587 0.125797 0.080561 0.166117 
781.263 0.0596993 0.06045 0.058581 0.068201 0.111892 0.0693 0.137154 
804.025 0.0740722 0.073251 0.071283 0.073507 0.101007 0.095566 0.160762 
827.45 0.149637 0.150486 0.150395 0.153492 0.179727 0.286707 0.538546 
837.352 0.388269 0.393667 0.397236 0.403206 0.438924 0.765635 1.9231 
845.03 1.18639 1.19805 1.19445 1.23645 1.27261 1.43013 1.47791 
852.307 0.247704 0.250189 0.254647 0.251396 0.25731 0.343016 0.598789 
861.885 0.126501 0.126183 0.129819 0.122598 0.126443 0.15219 0.269094 
885.453 0.0677908 0.065824 0.065514 0.061607 0.070561 0.08758 0.13874 
909.666 0.0517324 0.052786 0.051082 0.050253 0.058022 0.08567 0.144629 
919.888 0.0491936 0.050685 0.049474 0.048609 0.052279 0.078145 0.149659 
927.81 0.0484076 0.049947 0.049364 0.047964 0.04868 0.065876 0.13761 
934.211 0.0488087 0.049918 0.049863 0.048023 0.047085 0.05811 0.11798 
942.618 0.0507981 0.050738 0.051145 0.049503 0.047108 0.055533 0.097696 
963.229 0.061153 0.0589 0.058139 0.062996 0.058133 0.079919 0.11915 
984.29 0.0900376 0.090016 0.088909 0.10229 0.088233 0.165283 0.268859 
993.149 0.131389 0.131319 0.131819 0.145693 0.121649 0.234225 0.460872 
1000 0.222125 0.221186 0.224944 0.235276 0.198461 0.342153 0.819713 
 
Table 4.1: The SRSS of the magnitude of POR for elliptical impedance boundary for 
different minor axis lengths b.   
With further process of the data in Table 4.1 based on the sound transmission loss 
equation the STL of the models with different lengths of short axis of ellipse are 
compared.  As expected, as the minor axis b is increased, the results more closely match 
the solution of the semicircle.  
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Figure 4.2: STL vs. Frequency comparing ellipses with different minor axis b. 
Results show that the curve corresponding to the ellipse with b=0.06 deviates 
substantially from that of the semicircle, and is considered very inaccurate.  
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Examining higher frequencies in the range from about 330 Hz to 1000 Hz, all curves 
other than those for b=0.06 and b=0.12, and b=0.25, are close to the curve for the 
semicircle. 
 
Figure 4.3:  STL for frequency range 330 Hz to 1000 Hz 
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Examining the lower frequency results from 1 Hz to 330 Hz, the differences between the 
deviations of the STL curves, which are caused by the change of the shape of the ellipse, 
from that of the semicircle, are clearer.  
 
Figure 4.4: STL for 1 Hz to 330 Hz 
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From the results, we see that the smallest size ellipse which closely replicates the solution 
for the semicircle over the entire frequency range is b = 1. The contours of the POR for 
mode 5 are shown in Figure 4.5. The results are similar to the solution for mode 5 in 
Figure 3.2 for a circular boundary, confirming the accuracy of the solution with the 
elliptical boundary.   The results show that when the major axis is equal to the 
honeycomb length, a=L, the ratio of major to minor axis  a/b = 2, gives accurate 
solutions. The eccentricity with a/b = 2, is   
2
1 0.86602540378
b
a

 
   
 
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Figure. 4.5: Contour plots showing acoustic pressure distribution for mode 5 
frequency 363.08 Hz.  (Top): Circular boundary a = b = 2, (Bottom): Elliptical 
boundary a=2, b=1. 
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Figure 4.6: The STL of 2D in-plane honeycomb sandwich with ellipse (b=1, a=2) 
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CHAPTER 5:  3D FINITE ELEMENT MODEL 
The 2D models described in the previous chapters were sufficient to model honeycomb 
sandwiches with in-plane loading.  In order to investigate the effects of unit cell geometry 
on vibration and sound transmission loss (STL) for out-of-plane loading, a 3D finite 
element model of a honeycomb sandwich plate coupled with an acoustic region is 
developed.   
5.1 Geometry of Honeycomb Sandwich Structure 
5.1.1 Unit Cell and Face Sheet Dimensions 
 
Figure 5.1: Unit Cell of Honeycomb Core:  
(left) regular with positive internal angle  , (right) auxetic with negative angle    
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The dimensions used for different honeycomb unit cells considered are shown in Table 
5.1. 
Angle   l (m) h (m) 
yL (m) xL (m) t (m) 
Auxetic 45 5.1807 10.0083  
2( sin )yL h l    
 
 
 
2 cosxL l   
 
 
 
0.423 
Auxetic 30 4.23 8.46 
Auxetic15 3.7925 7.3266 
0 3.6633 6.345 2yL h  
Regular 15 3.7925 5.3634  
2( sin )yL h l    Regular 30 4.23 4.23 
Regular 45 5.1807 2.6817 
Table 5.1 The dimensions of the different unit cell geometries. 
   
          Figure 5.2: honeycomb core                              Figure 5.3: face sheet 
The dimensions for the 3D honeycomb are the same as used in [3]. The thickness of the 
shell of the honeycomb sandwich is 0.423m. The depth of the honeycomb core is 4.23 m. 
The two face sheets both have a shell thickness of 0.2 m. For the honeycomb core, there 
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are 11 cells in x axis, 6 cells in y axis; see Figure 5.2. Since the dimensions of the unit 
cells Lx and Ly are the same for each structure considered, the overall dimensions of the 
core and face sheets in all the models are the same; see Figure 5.3 for lengths.   
5.1.2 Prolate spheroid non-reflecting boundary 
In order to obtain efficient finite element solutions for a 3D model, a prolate spheroidal 
impedance boundary is used to truncate the unbounded acoustic region.  The impedance 
boundary is designed to approximate the far-field acoustic radiation condition and absorb 
outgoing waves without reflection. The accuracy of this impedance boundary depends on 
the distance from the sound source, in this case the vibrating honeycomb structure, and 
frequency.  Results from the 2D structural-acoustic finite element model with an elliptical 
non-reflecting impedance boundary discussed in Chapter 4 is used to provide guidelines 
for generalization to the 3D model with a prolate spheroidal boundary.  A prolate 
spheroid is defined by an ellipse rotated about an axis.  
From the final size of the ellipse determined from the 2D model, it was found for a 
structure with size equal to the long dimension, a,  the ratio of the major axis dimension, 
a, to that of the short axis dimension, b, of the ellipse should be 2.  For the 3D model, in 
order to ensure accuracy of the acoustic impedance, the radius of the circle, a, which is 
formulated by means of rotating  one fourth of the ellipse about an short axis, 360 degrees, 
should be as long as the diagonal, d, of the face sheet, i.e. a = d. Because the center of the 
honeycomb sandwich is at the same position of the center point of the circular bottom of 
the air domain, the radius should be twice the length of the line from the center of the 
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sandwich to the point which is closest to the outer edge of the air domain, d/2, i.e. a = 
2(d/2) =d.   Using these guidelines, and for a face sheet diagonal of d = 111 m, the major 
and minor axis of the ellipse are defined as, a = 111 m, and b = 55.5m.  The prolate 
spheroid is then formed by rotating one fourth of the ellipse around the short axis.  
 
Figure 5.4: One fourth of the ellipse used to generate prolate spheroid. 
5.2 3D Model 
5.2.1 Part Creation 
To create the 3D model, 4 parts are required, one honeycomb core, two face sheets and 
the acoustic domain.  For the 3D deformable honeycomb core the part is created as a shell. 
The face sheets which will be attached to the top and bottom of the core. The prolate 
spheroid is formulated by rotating one fourth of an ellipse for 360 degrees. The bottom of 
the acoustic part is partitioned based on the size and shape of the face sheet. The 
partitioning is done so that a POR field data set of acoustic nodes on the bottom can be 
processed to calculate the transmitted pressure on the top surface of the honeycomb face 
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sheet. The partitioned surface of the acoustic region will be coupled to the top face sheet 
using tie-constraints.    
The same material properties for the 2D model are used for the 3D model; aluminum for 
the honeycomb and air for the acoustic region.   
5.2.2 Assembly  
To form the assembly, part instances are created, and position constraints are used to 
arrange the relative positions of the four instances; see Figure 5.5. 
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Figure 5.5: Assembly of parts to form structural acoustics model 
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In order to connect the face sheet part instances to the honeycomb core part instance, tie-
constraints are used. The surfaces of both the face sheets facing towards the honeycomb 
core are chosen as the master surfaces. In other words, the parts of the core which have 
direct contact with the face sheets are the slave surfaces.   The top face sheet part is tied 
to the partitioned surface of the air domain which has been separated from the rest of its 
bottom. Partitioning is required since the face sheet should be coupled with only the 
acoustic region in direct contact.  The rest of the bottom of the acoustic region is assumed 
to be in contact with a rigid baffle.  
To support the honeycomb sandwich plate, boundary conditions are applied to the edges 
of the face sheets; see Figure 5.6. Only the translational components in all the X, Y and Z 
directions are constrained to have zero displacement.  In other words, the edges are fixed 
and not able to translate. Meanwhile, the honeycomb core is left free.  
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Figure 5.6: Honeycomb sandwich with boundary conditions applied 
The applied load is a uniformly distributed time-harmonic pressure on the bottom face 
sheet of the honeycomb sandwich, see Figure 5.7. The pressure amplitude is 1MPa. 
 
Figure 5.7: Honeycomb sandwich with boundary conditions and load applied 
The acoustic impedance is applied to the top of the prolate spheroid with eccentricity 
0.866 corresponding to, a/b = 2. The center coordinates of the acoustic impedance 
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coincides with those of the center of the circular bottom of the air domain in the inertia 
coordinate system after being assembled. The direction cosine is perpendicular to the 
bottom of the air domain and points into it towards the acoustic impedance boundary. 
Similar to [3], the honeycomb sandwich consisting of honeycomb core and two face 
sheets is meshed with S4R type elements. S4R is a 4-node quadrilateral, linear standard 
shell element. The membrane strains are defined as finite. There are 4 elements per edge 
for the honeycomb core and 44 elements on every edge of the face sheets. The meshed 
honeycomb is shown in Figure 5.8 while the meshed face sheet is shown in Figure 5.9. 
 
Figure 5.8 Meshed honeycomb core for +30, and -30 degree unit cells. 
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Figure 5.9 Meshed face sheet 
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CHAPTER 6:  ANALYSIS OF THE 3D MODEL AND POST-PROCESS 
OF THE DATA 
6.1 Natural frequency extraction 
The first 10 natural frequencies of the different honeycomb sandwich structures are 
calculated using a Lanczos eigensolver.  For the eigenvalue analysis, the load and air 
domain is suppressed.  
Table 6.1 gives the first 10 natural frequencies for the different honeycomb structures 
defined with unit cell geometries described in Table 5.1. 
          Cell   
Mode             
Auxetic 45 Auxetic 30 Auxetic 15 0 Regular 15 Regular 30 Regular 45 
1 5.4838 5.7644 6.1468 6.3625 6.4688 6.506 6.4631 
2 9.7834 10.484 11.302 11.722 11.955 11.81 11.385 
3 10.247 10.618 11.435 11.866 12.028 12.327 12.571 
4 13.698 14.411 15.549 16.137 16.436 16.614 16.534 
5 15.641 16.773 17.935 18.601 19.121 18.933 17.954 
6 16.304 16.971 18.705 19.355 19.387 19.846 20.527 
7 18.806 19.903 21.368 22.128 22.663 22.8 22.204 
8 19.092 20.049 21.929 22.677 22.848 23.263 23.661 
9 22.368 23.664 25.128 26.078 26.903 26.879 25.302 
10 22.518 24.293 26.772 27.568 27.494 27.973 27.565 
Table 6.1: List of first 10 natural frequencies for honeycomb sandwich structures 
From -45 to 30 degrees, most natural frequencies increase with increase of the unit cell 
included angles  . The values of the natural frequencies for 45   are an exception. 
Figure 6.1 shows the contour plots of the first 10 mode shapes for each of the honeycomb 
geometries considered in Table 6.1.  
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                        Mode 7                                                                              Mode 8             
                                                 
                       Mode 9                                                                               Mode 10 
Figure 6.1 (a): Mode shapes for Auxetic ( 45   ) 
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                  Mode 9                                                                                     Mode 10 
Figure 6.1 (b): Mode shapes for Auxetic ( 30   ) 
 
 
57 
 
                                                 
               Mode 1                                                                                            Mode 2    
                                                            
               Mode 3                                                                                            Mode 4      
                                                               
              Mode 5                                                                                            Mode 6   
58 
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Figure 6.1 (c): Mode shapes for Auxetic ( 15   ) 
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Figure 6.1 (d): Mode shapes for ( 0  ) 
61 
 
                                                 
               Mode 1                                                                                               Mode 2    
                                                 
                 Mode 3                                                                                             Mode 4      
                                                 
                Mode 5                                                                                       Mode 6      
62 
 
                                                 
                Mode 7                                                                                           Mode 8      
                                                 
                Mode 9                                                                                         Mode 10      
Figure 6.1 (e): Mode shapes for Regular ( 15  ) 
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Figure 6.1 (f): Mode shapes for Regular ( 30  ) 
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                    Mode 7                                                                                                  Mode 8      
                                                 
                      Mode 9                                                                                              Mode 10      
Figure 6.1 (g): Mode shapes for Regular ( 45  ) 
 
In the modes shapes of natural frequencies, define the deformation of the honeycomb 
sandwiches towards the positive z direction as a bulge (positive amplitude region) and 
that towards the negative z direction as a pit (negative amplitude region).  Define the 
index notation as (m, n), where m denotes the total number of bulges, and n, signifies the 
67 
 
total number of pits. From the results we observe the number of bulges and pits for each 
mode as listed in Table 6.2. 
 
       Cell  
Mode 
-45 -30 -15 0 15 30 45 
1 (1,0) (1,0) (1,0) (1,0) (1,0) (1,0) (1,0) 
2 (1,1) (1,1) (1,1) (1,1) (1,1) (1,1) (1,1) 
3 (1,1) (1,1) (1,1) (1,1) (1,1) (1,1) (1,1) 
4 (2,2) (2,2) (2,2) (2,2) (2,2) (2,2) (2,2) 
5 (2,1) (2,1) (2,1) (2,1) (2,1) (2,1) (2,1) 
6 (1,2) (1,2) (1,2) (1,2) (1,2) (1,2) (2,1) 
7 (3,3) (3,3) (3,3) (3,3) (3,3) (3,3) (3,3) 
8 (3,3) (3,3) (3,3) (3,3) (3,3) (3,3) (3,3) 
9 (2,2) (2,2) (2,2) (2,2) (2,2) (2,2) (2,2) 
10 (2,2) (2,2) (5,4) (4,5) (2,2) (2,2) (0,0) 
Table 6.2. Generalization of index notation of all modes of natural frequencies of all the 
honeycomb sandwiches 
The mode shapes appear in symmetric pairs; mode pairs are (2 and 3), (5 and 6), (7 and 
8), (9 and 10); exception is mode 10 for -15, 0, and 45 degree geometries. In the case of 
Auxetic (-30) and Regular (15), for mode 5, there are two bulges and one pit, however, 
the pit is on the verge of separation into two complete shapes.  For the tenth mode of 
Regular 45 honeycomb, there shape does not deform in the out-of-plane Z-direction, and 
thus does not have any bulges or pits.  The deformation is an in-plane internal mode in 
the plane within the honeycomb core.  
6.2 Acoustic Mesh 
For the 3D model, the air domain is meshed with AC3D4 elements. AC3D4 is an acoustic 
element which is 4-node, linear and tetrahedral shape. Tetrahedron is the 3D version of 
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triangle element used in the 2D model. In order to obtain accurate numerical solutions, 
the number of elements per acoustic wavelength should be above a minimum value.  The 
method to decide the element size of the air domain is stated below. Figure 6.2 shows an 
illustration of a time-harmonic propagating wavelength   through a mesh with element 
size h.  
 
Figure 6.2: Wave length and element mesh 
Here, we choose the condition that the number of element per wave length is at least 6 
based on previous work [15]. This condition can be stated as:  
6h  
6
h

                                                                                                                  (1) 
The acoustic wavelength is related to the wavenumber, k, frequency f, and speed of sound, 
c.  
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Combining equation (1) and (2), gives 
6
c
h
f
 ; 
For 3D steady-state analysis, the highest frequency of interest will correspond to the 10
th
 
natural frequency.   In order to ensure the acoustic element size assigned to the air gives 
accurate results for the frequency range of interest, the value of natural frequency should 
be the largest one involved in the calculation, i.e. the 10
th
 natural frequency.   
 10th natural frequency 
maxf  max6
c
f
 
h 
Auxetic 45 22.518 2.5387 2 
Auxetic 30 24.293 2.3532 2 
Auxetic 15 26.772 2.1353 2 
0 27.568 2.0737 2 
Regular 15 27.494 2.0792 2 
Regular 30 27.973 2.0436 2 
Regular 45 27.565 2.0739 2 
Table 6.3. Choice of the element size of the air domain 
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Figure 6.3: The mesh of acoustic domain.  
6.3 Sound Pressure Field Results (POR) 
Similar to the 2D model, a time-harmonic frequency response analysis is performed over 
frequency ranges defined by the natural frequencies for the honeycomb sandwich 
structure.   The starting frequency is 0.1 Hz, with the final frequency equal to the value of 
the 10
th
 natural frequency.  Results for the square root of the sum of squares for the 
acoustic pressure magnitudes on the partitioned surface of the air region tied to the top 
face sheet of the honeycomb structure, for different honeycomb core geometries are 
reported in Table 6.4. The acoustic pressure distribution for two representative 
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honeycomb structures: (a) Regular (30 deg), and (b) Auxetic (-30 deg) are shown in the 
contour plots of the acoustic domain in Figure 6.4.  
Frequency 
of -45 
SRSS of 
POR 
Frequency 
of -30 
SRSS of 
POR 
Frequency 
of -15 
SRSS of 
POR 
Frequency 
of 0 
SRSS of 
POR 
0.1 155.782 0.1 157.668 0.1 148.38 0.1 144.872 
0.144399 324.342 0.145062 331.271 0.145919 315.427 0.146381 309.915 
0.233083 839.763 0.235554 867.714 0.238773 838.641 0.24052 830.618 
0.740527 6500.7 0.759236 6797.04 0.784015 6667.28 0.797653 6655.83 
2.35272 62869.9 2.44716 66649.3 2.57432 67107.8 2.64531 68471.2 
3.79768 253499 3.97376 249027 4.21248 223833 4.34652 216732 
5.4838 3137140 5.7644 3023030 6.1468 2883370 6.3625 2852110 
5.78294 1196560 6.0896 1386600 6.50007 1701300 6.7294 1806340 
6.19741 621013 6.5411 758819 6.99111 707768 7.23949 622517 
7.32463 241786 7.77393 210228 8.33493 159052 8.63604 166538 
8.65687 105448 9.23912 159498 9.93707 189323 10.302 152970 
9.27732 136558 9.92413 163301 10.6878 110865 11.0829 92424.6 
9.7834 149209 10.484 112726 11.302 77178.4 11.722 84068.1 
9.82505 146674 10.4962 111768 11.3141 76834 11.7351 84620 
9.87959 142646 10.5122 109842 11.33 76414.3 11.7523 85351.1 
10.0125 130829 10.5508 107440 11.3683 75552.2 11.7938 87270.5 
10.1472 118650 10.5895 105704 11.4068 74934.5 11.8354 89406.6 
10.2036 114130 10.6056 105031 11.4227 74751.6 11.8527 90352.3 
10.247 110987 10.618 104524 11.435 74640.5 11.866 91103.6 
10.5236 98414.6 10.9198 90945.8 11.762 80309.6 12.2055 115811 
10.8952 87523.6 11.326 72731.7 12.2023 106473 12.6625 142749 
11.8475 74669 12.37 107373 13.3343 99241.3 13.8377 92814.3 
12.883 103099 13.5102 109421 14.5713 80244.3 15.1219 102639 
13.338 110769 14.0127 111982 15.1167 100929 15.6882 125118 
13.698 137040 14.411 103557 15.549 122293 16.137 132593 
13.8657 142854 14.6131 106847 15.754 126438 16.3488 152870 
14.0874 142422 14.8807 115762 16.0252 140520 16.6289 177291 
14.6373 161886 15.5472 156420 16.6994 243148 17.3253 175949 
15.2086 274263 16.2435 435063 17.402 333518 18.0507 294378 
15.4518 556190 16.541 889630 17.7016 623490 18.3601 608040 
15.641 1144480 16.773 5526960 17.935 1204840 18.601 1156110 
15.7007 1753060 16.7911 4590480 18.0043 1768510 18.6689 2198220 
15.7788 865882 16.8146 3083730 18.095 770849 18.7579 1139670 
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15.9691 664696 16.8717 3115480 18.316 508918 18.9743 947035 
16.1616 1521010 16.929 6031240 18.5396 1130810 19.1932 2145340 
16.242 3736590 16.9527 1043190 18.633 2834720 19.2846 4840460 
16.304 1467090 16.971 1771060 18.705 14808100 19.355 1446300 
16.519 1199710 17.221 1000090 18.9348 1104930 19.5942 1450480 
16.8034 517752 17.5523 370085 19.2386 634192 19.9105 513396 
17.5104 155906 18.3786 136219 19.9922 208513 20.6951 146511 
18.2471 87933.2 19.2439 173284 20.7753 97298.1 21.5107 158736 
18.5613 89594.5 19.6141 145808 21.1086 98608.7 21.8578 187872 
18.806 98374.1 19.903 108239 21.368 109825 22.128 182003 
18.8321 99692.7 19.9164 106777 21.4189 113058 22.1778 177125 
18.8661 101454 19.9338 104830 21.4853 117628 22.2429 169236 
18.9485 105957 19.9759 100360 21.6467 130016 22.4008 146771 
19.0312 110521 20.0181 96236.5 21.8092 141544 22.5599 124278 
19.0656 112321 20.0356 94622.8 21.8769 144874 22.6261 115730 
19.092 113630 20.049 93417.8 21.929 146415 22.677 109032 
19.3714 118484 20.3563 74564.6 22.2047 136021 22.9696 86668.2 
19.7417 93747.5 20.7638 69492.2 22.5692 98131.5 23.3567 79856.8 
20.6652 56326 21.7816 96410 23.4741 70876 24.3181 115343 
21.6318 75551 22.8493 60359.4 24.4152 103687 25.3192 76470.8 
22.0453 92710 23.3068 60487.2 24.816 96104 25.7458 78158.6 
22.368 88674.6 23.664 71479.6 25.128 81041.3 26.078 92007.7 
22.3817 88441 23.721 74692.1 25.2745 78147.4 26.2113 100757 
22.3996 88195.1 23.7956 79395.4 25.4668 80244.6 26.386 117376 
22.4429 87873.3 23.9764 96148 25.937 107253 26.8127 173411 
22.4862 87997 24.1587 125269 26.4158 214645 27.2462 290396 
22.5042 88208.7 24.2346 143450 26.6168 459300 27.4278 659160 
22.518 88443.4 24.293 163333 26.772 5562750 27.568 5349000 
 Table 6.4(a): SRSS (Pa) of acoustic surface pressure vs. frequency (Hz) for auxetic 
honeycomb with included angles (-45, -30, -15) and 0 included angle. 
Frequency of 
15 
SRSS of 
POR 
Frequency of 
30 
SRSS of 
POR  
Frequency of 
45 
SRSS of 
POR 
0.1 144.25 0.1 143.83 0.1 144.746 
0.146604 309.519 0.146681 308.925 0.146592 310.531 
0.241364 832.753 0.241656 832.21 0.241319 835.297 
0.804289 6697.88 0.806598 6756.35 0.803934 6713.88 
2.6801 69773 2.69225 70662.4 2.67824 69767 
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4.41243 215767 4.43547 216109 4.4089 215390 
6.4688 28492500 6.506 28512100 6.4631 28547200 
6.84378 1788720 6.87182 1831420 6.80772 1949460 
7.36528 588754 7.37961 603089 7.28457 661267 
8.794 182297 8.76561 185349 8.57802 176767 
10.4999 139358 10.4119 149141 10.1011 191037 
11.3 84542.4 11.1813 90449.7 10.8087 114821 
11.955 101226 11.81 92436.2 11.385 82117.3 
11.9617 101709 11.8565 95132.8 11.489 81361.5 
11.9704 102346 11.9174 99047.7 11.6259 83411 
11.9914 103919 12.0657 110223 11.9633 100286 
12.0125 105540 12.2159 123381 12.3105 128792 
12.0213 106225 12.2786 129378 12.4572 140208 
12.028 106755 12.327 137288 12.571 145978 
12.3776 137397 12.6692 151393 12.8911 137909 
12.8484 144326 13.1295 121335 13.3205 106956 
14.0603 84546.8 14.3109 78116.8 14.417 79664 
15.3865 119072 15.5985 126794 15.6037 132377 
15.9718 120713 16.1652 123178 16.1235 150732 
16.436 147006 16.614 152129 16.534 216046 
16.6658 159159 16.8144 152817 16.6595 232537 
16.9701 154635 17.0791 144422 16.8244 245832 
17.7277 173710 17.7356 162913 17.2294 281172 
18.5193 355913 18.4174 340885 17.6441 513420 
18.8574 786273 18.7074 856629 17.8188 1069260 
19.121 7326800 18.933 11567700 17.954 13080900 
19.1453 4837170 19.015 2684370 18.176 609275 
19.1769 3320170 19.1224 1418430 18.4694 314672 
19.2535 3358570 19.3841 1002430 19.1974 331349 
19.3305 6787410 19.6495 1617200 19.9542 423023 
19.3624 11734600 19.7604 3163090 20.2763 757494 
19.387 16880100 19.846 14566500 20.527 14439500 
19.6667 1387630 20.1003 956883 20.6754 1103110 
20.0373 460481 20.4366 358946 20.8705 463490 
20.9611 157435 21.2718 192464 21.349 263870 
21.9275 209685 22.1411 207995 21.8386 271321 
22.3407 159677 22.5116 138957 22.0446 258611 
22.663 112069 22.8 102782 22.204 231070 
22.6799 110199 22.8421 98984.3 22.3339 203465 
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22.702 107814 22.8971 94594 22.5042 166962 
22.7553 102264 23.0303 86127.7 22.9209 108176 
22.8088 97049.8 23.1644 80509.9 23.3453 91042.7 
22.831 94815.5 23.2201 79062 23.5234 93563.4 
22.848 93187.2 23.263 78304.3 23.661 97636.4 
23.1931 77313.9 23.5734 81940.4 23.807 102855 
23.6506 83904.1 23.9842 103669 23.9987 110607 
24.7927 129436 25.0057 115734 24.4677 128256 
25.99 98447.2 26.0707 77102.9 24.946 100211 
26.5027 133525 26.525 101351 25.1468 84384.4 
26.903 164215 26.879 119085 25.302 75400.3 
26.9567 166015 26.9776 120406 25.5017 70063.4 
27.0268 167611 27.1066 121684 25.7642 72164.4 
27.1969 174001 27.4205 126433 26.4093 105165 
27.368 196333 27.7382 170413 27.0705 134729 
27.4392 215946 27.8708 214956 27.3492 129519 
27.494 236428 27.973 269252 27.565 137393 
Table 6.4(b): SRSS (Pa) of acoustic surface pressure vs. frequency (Hz) for regular 
honeycomb with included angles (15,30,45) degrees. 
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Mode 1(6.5060 Hz) 
 
Mode 2(11.810 Hz) 
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Mode 3(12.327 Hz) 
 
 
Mode 4(16.614 Hz) 
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Mode 5(18.933 Hz) 
 
 
Mode 6(19.846 Hz) 
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Mode 7(22.800 Hz) 
 
 
Mode 8(23.263 Hz) 
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Mode 9(26.879 Hz) 
 
 
Mode 10(27.973) 
Figure 6.4(b): Regular (30 deg): Contour plots of POR of the 3D air domain 
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Mode 1(5.7644 Hz) 
 
 
Mode 2(10.484 Hz) 
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Mode 3(10.618 Hz) 
 
 
Mode 4(14.411 Hz) 
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Mode 5(16.773 Hz) 
 
 
Mode 6(16.971 Hz) 
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Mode 7(19.903 Hz) 
 
 
Mode 8(20.049 Hz) 
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Mode 9(23.664 Hz) 
 
 
 
 
Mode 10(24.293 Hz) 
Figure 6.4(b): Auxetic (-30 deg): Contour plots of POR of the 3D air domain 
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6.4 Sound Transmission Loss (STL) Results 
Based on the STL equation (3.1) provided in Chapter 3, the STL plots of the 3D model 
with out-of-plane loading are computed. Figure 6.5 shows results comparing STL for the 
auxetic honeycomb structures while Figure 6.6 shows STL curves for regular. Both plots 
also include results for the 0 degree honeycomb structure. 
 
Figure 6.5: Comparison of STL results for honeycomb core internal angles from -45 
to 0 
From Figure 6.5, for auxetic honeycomb, as the degree of the angle goes up, the 
corresponding peak amplitudes in the STL move to the right. This is consistent with the 
earlier findings in Table 6.1 which showed natural frequencies of the corresponding 
honeycomb sandwiches grow with the increase of the degree of the angle. In each case, 
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the peaks appear at the 1
st
, 5
th
 and 6
th
 natural frequencies. In addition, Auxetic -15, and 0, 
show a peak at the 10
th
 natural frequency.  
Figure 6.6 shows comparisons of Regular honeycombs.  In this case, the peak amplitude 
frequency is nearly the same for each of the regular cell geometries.  The STL curves are 
also similar prior to the first peak and between the first and second peaks.   The frequency 
separation between the 2
nd
 and 3
rd
 peaks increases with increase in cell angle. Also, the 
average frequencies between the second and third peaks are similar for each of the 
regular honeycomb unit cell geometries, a property not observed for the auxetic 
honeycombs.   
 
Figure 6.6: Comparison of STL for honeycomb internal angles from 0 to 45 
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Figure 6.7: Magnified version of the 2nd and 3rd peaks of the STL from 0 to 45 
 
Figure 6.8: Comparison of STL plots of -30 and 30 
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For Regular 30, there are 3 peaks corresponding to mode 1, (6.5060 Hz), mode 5, (18.933 
Hz) and mode 6, (19.846 Hz). Similarly, for Auxetic 30, three peaks occur at 5.7644 Hz 
for mode 1, 16.773 Hz for mode 5 and 16.971 Hz for mode 6.  For Auxetic 30, since the 
mode 5 and 6 frequencies are so close, and the peak of mode 5 is not as strong, the peak 
at 16.773 Hz is not obvious compared with that at 16.971 Hz.   This result could be 
related to the displacement of mode shape 5 at 16.773 Hz discussed earlier in Figure 
6.1(b), where there are two bulges and one pit, however, the pit is on the verge of 
separation into two complete shapes. 
Figure 6.8 shows that the peak amplitudes are shifted to the right for Regular 30 
compared to Auxetic 30.  The frequency width of Regular 30 between the 2nd and 3rd 
peaks is wider than that of the Auxetic 30. The reason the curve for regular extends to a 
higher frequency is the 10
th
 natural frequency is larger than the auxetic.   
 
6.5 Relationship of STL peak amplitudes with mode shapes of honeycomb 
structure 
Comparing results for the different honeycombs, relationships are observed between the 
number and frequency locations of peak amplitudes in STL response to the number of 
positive (bulges) and negative (pits) amplitude regions in the mode shapes of the 
honeycomb structure.   The first STL peak amplitude always occurs at the first natural 
frequency with a corresponding mode shape with a single bulge or pit region. The 2nd 
and 3rd peak amplitudes occur at the closely spaced natural frequencies associated with 
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the first pair of mode shapes (modes 5 and 6) which have different numbers of bulge and 
pit amplitude regions, in reversed order.   In some cases, even when the numbers of 
positive and negative regions are unequal, the incomplete shape of one amplitude region 
partially split into two, results in weaker peak amplitude.    
We observe a correlation between the shapes of the modes corresponding to the natural 
frequencies of the honeycomb sandwiches and the positions of the peaks in the STL plots 
of every honeycomb sandwich.  It is found that peaks in STL occur only when the 
number of positive amplitude mode shape regions is different from the number of 
negative regions. When the numbers of positive and negative amplitude regions are 
different, the amount of sound transmitted through the honeycomb structure is large. In 
contrast, when the numbers of positive and negative regions are the same, there is 
cancellation, and the amount of sound transmission is small (high STL).  
 
Table 6.7 summarizes the correspondence of the mode number and number of bulges and 
pits in the mode shapes in relation to the occurrence of peak amplitudes.  In the table, Y 
indicates peak amplitude where m equals n; N means m is not equivalent with n. The 
results show that peaks in the STL curves appear where the number of bulges, m, is not 
equivalent with the number of pits, n. The reason may be because the effect of the bulges 
neutralizes that of the pits when the numbers of bulges and pits are the same. Nonetheless, 
when the numbers are different, there is at least one bulge or pit which is not balanced.  
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       Cell  
Mode 
-45 -30 -15 0 15 30 45 
1 (1,0) (1,0) (1,0) (1,0) (1,0) (1,0) (1,0) 
2 (1,1) (1,1) (1,1) (1,1) (1,1) (1,1) (1,1) 
3 (1,1) (1,1) (1,1) (1,1) (1,1) (1,1) (1,1) 
4 (2,2) (2,2) (2,2) (2,2) (2,2) (2,2) (2,2) 
5 (2,1) (2,1) (2,1) (2,1) (2,1) (2,1) (2,1) 
6 (1,2) (1,2) (1,2) (1,2) (1,2) (1,2) (2,1) 
7 (3,3) (3,3) (3,3) (3,3) (3,3) (3,3) (3,3) 
8 (3,3) (3,3) (3,3) (3,3) (3,3) (3,3) (3,3) 
9 (2,2) (2,2) (2,2) (2,2) (2,2) (2,2) (2,2) 
10 (2,2) (2,2) (5,4) (4,5) (2,2) (2,2) (0,0) 
 
        Cell  
Mode 
-45 -30 -15 0 15 30 45 
1 Y Y Y Y Y Y Y 
2 N N N N N N N 
3 N N N N N N N 
4 N N N N N N N 
5 Y Y Y Y Y Y Y 
6 Y Y Y Y Y Y Y 
7 N N N N N N N 
8 N N N N N N N 
9 N N N N N N N 
10 N N Y Y N N N 
Table 6.7  The occurrence of peak amplitudes corresponding to mode number 
 
     For mode 5 of  Auxetic -30 (Figure 6.1(b)) and Regular 15 (Figure 6.1(e)), 2 bulges 
and 1 pit can be identified, (2,1). However, the pit is weak. The reason for the weakness 
is that the pit is on the verge of separation into two, although it is still a whole part due to 
the connection at the middle. For clarity, there exists some vagueness in the index 1, but 
this index cannot be grouped into 2 because there is still 1 pit rather than 2 pits. If there 
91 
 
were 2 pits, there should have been no connection at the middle of the 2 large dents.  Due 
to the vagueness of the peak corresponding to this mode and that in the index 1, one more 
conclusion could be drawn that the vagueness in the index could contribute to the 
inconspicuousness of the peak in the STL plot. Namely, the peaks not as obvious as 
others result from the incomplete deformation of the one pit or bulge into two. The closer 
to the index 2 the index 1 is, the more vagueness the corresponding peak in the STL plot 
has compared with the peak for the strong index 1.  
6.6 Comparison of 2D to 3D model results 
In the 2D model with in-plane loading, the STL peak amplitudes occurred at the odd 
numbered modes where the number of bulges, m, are different than the number of pits, n.  
A similar result is found in the 3D model, peaks were found only in the case of m, 
different than n. A difference in the 3D model is that some modes occur in symmetric 
pairs.  As result, the mode pair 5 and 6, with (m,n) = (2,1), and (m,n) = (1,2), both show 
peaks, but since the difference in their natural frequencies is small, the peaks are 
separated by a small amount. For the 2D model, there are no 2 peaks whose distance 
between each other is very small.  
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CHAPTER 7:  CONCLUSION AND FUTURE WORK 
7.1 Conclusion 
In this thesis, the size of the air domain has been successfully optimized with an elliptical 
nonreflecting boundary with a reduction of the short axis length without significant 
variance of the final STL result from an accurate model with circular boundary. The 
optimal ratio of the length of the long axis to that of the short axis is found to be 2.  
Using this ratio, a prolate spheroidal air domain was created by revolving a quarter of an 
elliptical curve around the short axis through the origin.  The air domain is coupled to a 
3D finite element model of a honeycomb sandwich structure with time-harmonic pressure 
loading. The sound transmission loss (STL) performance is analyzed for the 3D out-of-
plane model.  For angles of the honeycomb cell from -45 to 0 degrees, the corresponding 
frequency of the peaks in the STL curves increases with the growth of degrees of the 
angles. At peak values, the STL is much closer to zero compared to other points in the 
curve.  These peak values correspond to a large sound transmission such that the 
transmitted pressure on the top surface is nearly the same as the input pressure applied on 
the bottom surface of the honeycomb structure. Sound is transmitted from the vibrating 
elastic honeycomb as sound radiation into the acoustic domain due to surface velocities 
on the top face.   
Comparisons between the STL curves of the Regular 30 and Auxetic 30 show the 
positions of the peaks in Regular 30 are shifted to higher frequencies for the 
corresponding peaks of the Auxetic 30. Results also show that for Regular 30, the width 
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of the two peaks associated with the mode pair 5 and 6, is larger than that of the Auxetic 
30. 
The relation is shown between existence of the peaks in the STL curves and the number 
of the bulges and pits of the mode shape corresponding to the natural frequency. When 
the number of bulges is equivalent with that of the pits, there is no peak. However, the 
inequality between them could lead to peaks. This may be due to a cancellation of the 
bulges and pits. The effect of one bulge can cancel one pit.  In some cases, even when the 
numbers of bulges and pits are unequal, the incomplete shape of one amplitude region 
partially split into two, results in weaker peak amplitude.   It was also shown that for  
both the 3D model and the 2D model, the STL peak amplitudes occurred at the odd 
numbered modes where the number of bulges, m, is different than the number of pits, n.  
However, in the 3D model, since some mode shapes occur in symmetric pairs, a pair of 
closely spaced peaks occurs associated with the mode pair 5 and 6, a characteristic not 
found in the 2D model.   
7.2 Future work 
1. In the 2D model, a smaller element size was used in the near-field of the acoustic 
region near the contacting surface of the honeycomb face sheet gradually 
increasing in size to the outer nonreflecting boundary. This was accomplished by 
using a different seed size on the partitioned edge on the coupled surface and the 
outer nonreflecting boundary, together with a gradual bias between the two 
regions.  A similar procedure could be used for the 3D model to create a more 
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efficient mesh yet meet accuracy requirements.  This can be accomplished by 
assigning a smaller seed size in the area which has direct contact with the face 
sheet of the honeycomb sandwich. Meanwhile, give fewer seeds to the outside of 
the air domain. Make the number of the seeds decrease gradually from the contact 
part to the outside.   The resulting mesh could deduct the total time for running the 
analysis.  However, care must be taken to ensure that a minimum requirement of 
at least 6 elements per wavelength is used in all regions of the air domain.  
2. In the present work, the gaps between honeycomb cells were assumed to be in 
vacuum. Future work could include the modeling of acoustic elements within the 
honeycomb gaps to model any interaction between air and the interior cell walls 
of the honeycomb.  However, this interaction is predicted to be insignificant since 
the air is light compared to the stiffness of the structure.  Research could also be 
done with a heavier fluid by replacing air with water to study the effects of 
interaction and changes to the elastic vibration. 
3. Future studies could also be done on the honeycomb sandwich made with 
different materials. For example, the core could be made of plastic or other 
flexible material while the materials of face sheets could be stiffer materials such 
as aluminum or other alloys.  In addition, material damping characteristics could 
be studied carefully. 
4. The 3D modeling procedures developed in this work could also be used to 
simulate the STL of the in-plane honeycomb sandwiches to verify the results of 
the 2D models.   
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5. The use of higher-order quadratic interpolation elements for both the elastic 
honeycomb structure shell elements, and the tetrahedron acoustic elements could 
be investigated for improved model accuracy.  
6. Physical experiments are recommended to validate the predictions from the finite 
element models.  
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